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Abstract. In Nocardia sp. 239 D-phenylalanine is converted 
into L-phenylalanine by an inducible amino acid racemase. 
The further catabolism of this amino acid involves an NAD- 
dependent  g-phenylalanine  dehydrogenase.  This  enzyme 
was detected only in cells grown on L- or D-phenylalanine 
and  in  batch  cultures  highest  activities  were  obtained  at 
relatively low amino acid concentrations in the medium. The 
presence of additional carbon- or nitrogen sources invariably 
resulted in decreased enzyme levels. From experiments with 
phenylalanine-limited continuous  cultures it appeared that 
the rate of synthesis of the enzyme increased with increasing 
growth rates. The regulation of phenylalanine dehydrogen- 
ase synthesis was studied  in more detail during growth of 
the organism on mixtures of methanol and L-phenylalanine. 
Highest rates of L-phenylalanine dehydrogenase production 
were  observed  with  increasing  ratios  of L-phenylalanine/ 
methanol in the feed of chemostat cultures.  Characteristic 
properties of the enzyme were investigated following its (par- 
tial) purification from L- and D-phenylalanine-grown cells. 
This  resulted  in  the  isolation  of  enzymes  with  identical 
properties.  The native enzyme had  a  molecular weight  of 
42000  and consisted of a  single subunit; it showed activity 
with  L-phenylalanine,  phenylpyruvate,  4-hydroxyphenyl- 
pyruvate, indole-3-pyruvate and e-ketoisocaproate, but not 
with imidazolepyruvate, D-phenylalanine and other L-amino 
acids  tested.  Maximum  activities  with  phenylpyruvate 
(310 gmol min- 1 rag- 1 of purified protein) were observed at 
pH 10 and 53 ~  C. Sorbitol and glycerol stabilized the enzyme. 
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The facultative RuMP cycle methylotroph Nocardia sp. 239 
(Hazeu et al. 1983) is able to use both g- and D-phenylalanine 
as  carbon-,  energy-  and  nitrogen  sources  for growth.  On 
the  basis  of enzyme  and  mutant  evidence  we  previously 
Offpr#zt requests to" L. Dijkhuizen 
Abbrevzations" RUMP, ribulose monophosphate; HPS, hexulose-6- 
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fast protein liquid chromatography 
concluded  that the organism employs an inducible,  NAD- 
dependent phenylalanine dehydrogenase  (L-phenylalanine: 
NAD §  oxidoreductase,  deaminating,  EC  1.4.1.-)  for the 
conversion of the L-amino acid into phenylpyruvate (de Boer 
et al.  1988).  The presence of a comparable enzyme has also 
been  reported  in  other  aerobic,  Gram-positive  bacteria, 
namely  in  Brevibacteriurn  sp.  (Hummel  et  al.  1984); 
Rhodococcus  sp.  M4  (Hummel et  al.  1987);  Sporosarcina 
ureae  (Asano  and  Nakazawa  1987),  Bacillus  sphaericus 
(Asano et al.  1987a),  Bacillus badius (Asano et al.  1987b), 
Corynebacterium equi EVA-5 (Evans et al. 1987),  Micrococ- 
cus luteus (Matsunaga et al.  1987)  and Rhodococcus maris 
K-18 (Misono et al. 1989). The enzyme is drawing increasing 
attention as a potential biocatalyst for the reductive amina- 
tion of phenylpyruvate and various other c~-keto acids, re- 
sulting  in  the  stereospecific  synthesis  of  L-phenylalanine 
(Hummel et al. 1986, 1987; Campagna and Biickmann 1987; 
Evans  et  al.  1987)  and  other  L-amino  acids  (Asano  and 
Nakazawa 1987; Yonaha and Soda 1986). 
In Nocardia sp. 239 methanol is oxidized to carbon diox- 
ide  in  three  steps.  At  least  two  of the  enzymes  involved 
(methanol  and  aldehyde dehydrogenase)  are NAD-depen- 
dent  dehydrogenases  (Duine  et  al.  1984).  Methanol  oxi- 
dation  in  this  facultative  methylotroph  thus  might  be 
coupled to reductive amination of phenylpyruvate to L-phe- 
nylalanlne.  The  isolation  of a  stable  phenylpyruvate  de- 
carboxylase-negative mutant of Nocardia sp.  239  has been 
reported  previously (de  Boer et  al.  1988).  In view of the 
above it was decided to study the regulation ofphenylalanine 
dehydrogenase synthesis in Nocardia sp. 239 in more detail. 
In addition, the characteristic properties of the enzyme were 
determined  following its partial  purification  from phenyl- 
alanine-grown  cells.  The  results  show  that  the  enzyme in 
Nocardia sp. 239 has a number of unusual properties. 
Materials and methods 
Microorganism  and cultivation.  Nocardia sp. 239 wild type, 
LMD  80.32,  its  maintenance,  the  procedures  followed by 
cultivation in batch cultures on single and mixed substrates, 
measurements of growth and phenylalanine concentrations 
have been described previously (de Boer et al.  1988,  1989). 
Methanol was determined gas chromatographically. 
Nocardia  sp. 239 was grown at 37~  in carbon-limited 
continuous cultures in a fermenter (working volume of 1 1) t3 
of the type described by Harder et al. (1974) and equipped 
with pH  and  dissolved  oxygen control,  set  at pH 7.0  and 
50 -  70% air saturation, respectively. The medium contained 
(per 1): KH2PO4, 1.0 g; (NH4)2SO  4, 1.5 g; MgSO4" 7 H20 , 
0.2 g;  trace  element  solution  (Vishniac  and  Santer  1957), 
0.2 ml. Carbon- and energy sources were filter-sterilized and 
added to the medium reservoir at concentrations indicated in 
the individual experiments. For the determination of enzyme 
activities, cells from these cultures were harvested and dis- 
rupted  as  described  previously  (de  Boer et  al.  1988).  The 
various measurements were made after the cultures had re- 
ached a steady state, which was assumed to be the case after 
at least 5 volume displacements. 
Respiration studies with whole cells. The specific respiration 
rate measurements were performed as described by de Boer 
et al. (1988). 
Preparation  of extracts  of batch  culture  cells and enzyme 
assays.  Cells were harvested as described by de Boer et al. 
(1988).  Washed cell suspensions were disrupted by passage 
through a cooled French pressure cell operating at 1000 MPa 
(1.4 x 105  kN/m2). Unbroken cells and cell debris were re- 
moved by centrifugation at 40,000 ￿ g  for 20 rain at 4 ~  C and 
the supernatant, containing 2.5- 5.0 mg of protein/ml, used 
for  enzyme  assays.  The  spectrophotometric  assays  for 
hexulose-6-phosphate  synthase  (HPS),  hexulose-6-phos- 
phate isomerase (HPI) and  NAD-dependent  aldehyde de- 
hydrogenase were performed as described by Levering et aI. 
(1981) and Duine et al. (1984), respectively. L-Phenylalanine 
aminotransferase  activity  was  assayed  as  described  pre- 
viously (de Boer et al. 1988). L-Phenylalanine dehydrogenase 
(EC 1.4.1.-)  activity was determined by measuring the re- 
ductive  amination  of phenylpyruvate at  37~  and pH 7.8 
(de Boer et al. 1988),  unless stated otherwise. The activity of 
the  enzyme with imidazolepyruvate,  c~-ketoisocaproate, 4- 
hydroxyphenylpyruvate  and  indole-3-pyruvate  was  tested 
at  substrate  concentrations  of 5.0,  5.0,  1.0  and  4.5 raM, 
respectively.  The  oxidative  deamination  reaction  was  as- 
sayed in 100 mM Tris-HC1 pH 7.8 containing 2.5 mM NAD, 
2.5 mM KCN and limiting amounts of extract. The reaction 
was started by the addition of 10 mM L-phenylalanine. The 
activity with  L-tyrosine was  tested  at  a  substrate  concen- 
tration  of 5 raM,  L-alanine, L-leucine and D-phenylalanine 
were added to a final concentration of 10 raM. Stability tests 
on the enzyme were carried out at 53 ~  C and pH 10 (reductive 
amination reaction). Phenylalanine racemase (EC 5.1.1.-) 
activity was assayed in a reaction mixture containing 50 mM 
potassium phosphate pH 7.0,  30 mM D-phenylalanine and 
limiting  amounts  of extract,  incubated  at  37'~C  for  20 h. 
Samples of 100 gl were mixed with an equal volume of 12 M 
HC1 and  precipitated  protein was removed by centrifuga- 
tion.  Samples (100 gl) of the supernatant were dissolved in 
a  100 ~tl methanol plus 25%  ammonia (3 : 1)  solution.  The 
L-phenylalanine  formed  was  determined  by  thin  layer 
chromatography. Samples of 2 gl were applied onto silicagel 
RP  chiral  plates  and  run  with  a  mixture  of acetonitrile, 
distilled  water  and  methanol  (4:1:1).  The  phenylalanine 
spots were stained by spraying the gels with ninhydrin. 
Purification  of  phenylalanine  dehydrogenase. Enzyme purifi- 
cation  was  performed with  a  fast  protein  liquid  chroma- 
tography  (FPLC)  system as  described  by  Schutten  et  al. 
(1987).  After preparation of cell-free extracts (5-- 10 mg of 
protein/ml) of L-phenylalanine-grown cells of Nocardza sp. 
239,  samples of 5 ml were applied  on a  Mono  Q  HR 5/5 
column and the enzyme eluted with a linear sodium chloride 
gradient  (0.1-1  M)  in  20 mM  Bis-Trispropane  buffer 
pH 6.3. The flow rate was set at 1.0 ml/min and 0.5 ml frac- 
tions  were  collected.  Enzyme  activities  were measured  as 
described  above and  peak fractions  pooled for molecular 
weight determinations and kinetic studies. A Superose 6 HR 
10/30 gelfiltratlon column was used for the estimation of the 
molecular  weight  of the  native  enzyme.  Samples  (0.5 ml; 
0.2- 0.3 mg of  protein) of the pooled Mono Q peak fractions 
were applied, eluted with a  20 mM Bis-Trispropane buffer 
pH 6.3 at a flow rate of 0.3 ml/min, and fractions of 0.5 ml 
collected.  The  column  was  calibrated  with  the  following 
gel filtration  standards  (Bio-Rad,  Richmond,  CA,  USA): 
thyroglobulin  (670,000),  gamma globulin  (150,000),  oval- 
bumin  (44,000)  and  myoglobin  (17,000).  SDS-polyacryt- 
amide  gel  electrophoresis  was  performed  according  to 
Laemmli  and  Favre  (1973)  with  the  calibration  proteins 
Combithek 104558  (Boehringer, Mannheim, FRG) as refer- 
ences. Gels were stained with the silver staining technique as 
described by Wray et al. (1981). 
Kinetic  studies  of phenylalanine  dehydrogenase.  The kinetic 
parameters  of the  enzyme were  determined  from  double 
reciprocal plots of substrate saturation data. The Km values 
were  calculated  by  non-linear  least-squares  analysis 
(Johnson and Frasier  1985).  The equilibrium constant (K) 
of the  enzyme  was  estimated  by  measuring  the  concen- 
trations of L-phenylalanine, phenylpyruvate (de Boer et al. 
1988),  ammonium chloride (Levering and Dijkhuizen 1985), 
the final absorbance of NADH  and pH, after equilibrium 
had  been  achieved  in  the  deaminating  reaction  mixture 
(Asano et al. 1987a). K  was calculated from: 
K  =  [phenytpyruvate]. [NH+]. [NADH] - [H+]/ 
[L-phenylalanine] - [NAD +] ￿9 [HzO]. 
Protein  determination.  Protein  concentrations  were  deter- 
mined by the method of Bradford (1976),  using bovine serum 
albumin as a standard. 
Biochemicals.  Phenylpyruvate,  4-hydroxyphenylpyruvate, 
indole-3-pyruvate, imidazolepyruvate, L- and D-phenylala- 
nine  and  ~-ketoisocaproate  were  purchased  from  Sigma 
Chemical Co.  (St.  Louis,  MO,  USA).  All  other  chemicals 
were of analytical grade and commercially available. Sihca- 
gel  RP  (art.  811057)  chiral  plates  were  obtained  from 
Macherey-Nagel (Diiren, FRG). 
Results 
Regulation  of  phenylalanine  dehydrogenase synthesis 
During growth of Nocardia sp. 239 in batch culture in min- 
eral medium with 8 mM of L- or D-phenylalanine, significant 
activities ofphenylalanine dehydrogenase were detected (280 
and 590 nmol rain-1 rag-a of protein, respectively; de Boer 
et al. 1988). The organism is also able to grow on many other 
amino acids, including L-tyrosine and L-histidine, but none 
of these induced synthesis of the enzyme. Although Nocardia 
sp. 239 could grow abundantly in complex media, this did 
not  result  in  synthesis  of  phenylalanine  dehydrogenase. 
Neither did addition of bactopeptone, casamino acids, corn 
meal, malt extract,  nutrient  broth,  gelysate peptone,  soya 14 
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Fig. 1. Activities of L-phenylalanine dehydrogenase  in cell-free ex- 
tracts of Nocardia sp. 239 grown  on various  concentrations  of L- 
phenylalanine.  Cells were harvested  at an optical density (430 nm) 
of 0.5. Enzyme activities: nmol rain- 1 mg  1 of protein 
meal, skimmilk, tryptone, yeast extract (0.5%, w/v) to min- 
eral batch medium with L-phenylalanine result in enhanced 
levels of phenylalanine dehydrogenase above a basal activity 
of 10 nmol rain- 1 rag- 1 of protein.  Thus,  only L- and D- 
phenylalanine are inducers for the enzyme in Nocardia sp. 
239 and this induction is overruled in the presence of other 
suitable carbon- and/or nitrogen sources. The highest levels 
of induction  of the enzyme in batch cultures were already 
obtained at low L-phenylalanine concentrations; at concen- 
trations above 2% (w/v) the specific activity ofphenylalanine 
dehydrogenase decreased (Fig. 1). 
Enzyme  synthesis  was  also  studied  in  L- or D-phenyl- 
alanine-limited  (SR  =  8mM)  continuous  cultures  of 
Nocardia sp. 239. No residual substrate could be detected in 
these cultures when at steady state. Cells grown at the highest 
possible dilution rates in continuous cultures (D =  0.15 h- 1) 
or in batch cultures on phenylalanine displayed comparable 
enzyme activities (data not shown).  However, with both L- 
or D-phenylalanine-limited continuous cultures a progressive 
decrease in phenylalanine dehydrogenase activities occurred 
with decreasing dilution rates. This suggests that the rate of 
synthesis of the enzyme is growth rate dependent. 
Growth on mixtures of methanol and phenylalanine 
in batch and continuous cultures 
Growth of Nocardia sp. 239 in batch cultures with mixtures 
of methanol (75 mM) plus L-phenylalanine (8 raM) resulted 
in simultaneous utilization of the two substrates. The enzyme 
profiles were strongly dependent on the substrate used for 
precultivation of the inoculum cells (Figs. 2 and 3). Exper- 
iments with methanol-pregrown cells (Fig. 2) resulted in an 
initial decrease of at least 50%  in HPS, HPI and aldehyde 
dehydrogenase  activities,  but  not  in  complete  repression. 
The phenylalanine dehydrogenase activity (and the capacity 
of whole cells to  oxidize L-phenylalanine;  not  shown)  ap- 
peared early on and steadily increased during growth on the 
mixture.  The  capacity of whole  cells  to  oxidize  methanol 
remained  fairly  constant  in  this  experiment  (approx. 
200 nmol min- 1 rag- 1 of protein). In the reverse experiment 
with  L-phenylalanine-pregrown cells  (Fig. 3),  L-phenylala- 
nine was used more rapidly and after its exhaustion growth 
ceased. In the ensuing lag phase the phenylalanine dehydro- 
genase  activity  dropped  and,  concomitantly,  a  relatively 
rapid synthesis of aldehyde dehydrogenase, HPS and HPI 
occurred.  This allowed a  second (slower) growth phase on 
methanol alone. During the first growth phase the capacity 
of whole cells to  oxidize methanol increased from zero to 
30 nmol min-1 mg-1 of protein but remained constant for 
phenylalanine  (approx.  90 nmol min-~  rag-1  of protein). 
During the second growth phase the activity with phenylala- 
nine decreased to 40 nmol rain- 1 rag- 1 of protein while that 
with methanol increased (130 nmol min- 1 mg  1 of protein). 
The results thus indicate that methanol was used as an energy 
source only in the first growth phase (Fig. 3). 
Cells of Nocardia sp. 239  grown in a  methanol-limited 
(SR =  60 raM) continuous culture (D =  0.07 h- 1) displayed 
very high  levels of the  enzymes of methanol metabolism. 
Stepwise addition  of increasing concentrations  (0-8 raM) 
of L-phenylalanine to the medium reservoir resulted in simul- 
taneous and complete utilization of both substrates at steady 
state,  although a  strong initial decrease in the activities of 
HPS,  ItPI and  aldehyde dehydrogenase occurred  (Fig. 4). 
The  dry  weight  values  of  these  cultures  increased  from 
0.84 g/1 (0 mM L-phenylalanine) to 3.4 g/1 (8 mM L-phenyl- 
alanine). Phenylalanine dehydrogenase activity was detected 
only at L-phenylalanine concentrations in the medium reser- 
voir above 1 mM and steadily increased with higher L-phe- 
nylalanine  concentrations.  Metabolism of the amino acid, 
when present at lower concentrations, probably is initiated 
via  L-phenylalanine  aminotransferase  activity  (Fig. 4;  de 
Boer et al.  1988).  The specific activity of phenylalanine de- 
hydrogenase  at the  highest  L-phenylalanine concentration 
tested  (8 raM)  was  comparable  to  the  value  at  the  same 
dilution rate on 8 mM L-phenylalanine alone, but only ap- 
proximately  55%  of the  value  observed in  batch  culture 
during  growth with  the  same concentration  of the  amino 
acid (Fig. 1). 
Purification and characterization 
of  phenylalanine dehydrogenase 
When cell-free extracts of L-phenylalanine-grown batch cul- 
ture  cells  of Nocardia  sp.  239  were applied  onto  a  FPLC 
Mono  Q  anion exchange column,  a  rapid  110-fold purifi- 
cation with a high yield (> 95%) was achieved when eluting 
with a  linear sodium chloride  gradient  (0-350 raM).  The 
enzyme was released from the column at a sodium chloride 
concentration of 150 mM (Fig. 5). The peak fractions thus 
obtained  possessed  a  specific  activity  of 30 gmol  rain-a 
mg -1  of  protein  when  measured  at  37~  and  pH7.8 
(310 gmol min -1 mg -1 of protein at 53~  and pH 10). 
The molecular weight of the  native enzyme was deter- 
mined as 42,000 (_+ 2,000) by FPLC gel filtration. When the 
preparations were subjected to SDS-polyacrylamide gelelec- 
trophoresis,  one  major  band  was  observed in  the  42,000 
region, indicating that the phenylalanine dehydrogenase in 
Nocardia sp. 239 is a monomeric enzyme. 
The effect ofpH and temperature on the reductive amina- 
tion of phenylpyruvate was determined under standard assay 
conditions. As shown in Fig. 6, the Nocardia sp. 239 enzyme 
exhibited its maximal activity at pH 10 and 53~  A  rapid 
decrease in activity occurred at higher values of these par- 
ameters. The activation energy for the  enzyme was deter- 
mined from an Arrhenius plot and found to be 44 kJ. tool- 1 
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Figs. 2, 3. Growth ofNocardia sp. 239 
on mixtures of L-phenylalanine 
(8 mM) and methanol (75 raM) in 
batch cultures.  Cells were pregrown on 
methanol (Fig. 2A, B) or on L-phenyl- 
alanine (Fig. 3A, B). A 0, optical den- 
sity; A, II. L-phenylalanine  and meth- 
anol concentration, respectively;  B (2), 
phenylalanine dehydrogenase; A, 
hexulose-6-phosphate synthase; III, 
hexulose-6-phosphate isomerase; Q, 
aldehyde dehydrogenase. Enzyme ac- 
tivities:  nmol min - 1 mg - 1 of protein 
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Fig. 4. Effect of stepwlse addition of increasing  concentrations (0- 
8 mM) of L-phenylalanine  to the medium reservoir of a methanol- 
limited  (SR  =  60 mM)  continuous  culture  (D  =  0.07 h -1)  of 
Nocardia  sp. 239 on a number of steady state  culture parameters. 
[~, phenylalanine dehydrogenase; ￿9  L-phenylalanine  aminotrans- 
ferase  (AT);  I,  hexulose-6-phosphate  synthase;  A,  hexulose-6- 
phosphate isomerase;  II, aldehyde dehydrogenase. Enzyme activi- 
ties: nmol min - 1 mg - 1 of protein 
L-Phenylalanine +  NAD + +  H20 ~-phenylpyruvate 
+  NH~-  +  NADH  +  H +. 
Incubation of the enzyme with L-phenylalanine and NAD + 
resulted in the stoichiometrical formation of phenylpyruvate 
and NADH. The mean value for the apparent equilibrium 
constant at pH 7.8 and 37~  was 3.2 x 10 -18. 
In addition  to phenylpyruvate the enzyme also showed 
activity  with  4-hydroxyphenylpyruvate  and  indole-3- 
pyruvate, but not with imidazolepyruvate. By far the highest 
activity was observed with  c~-ketoisocaproate (Table  1).  in 
the reverse direction activity was only observed with L-phe- 
nylalanine  and  L-leucine.  D-Phenylalanine,  L-tyrosine,  or 
L-tryptophan  did  not  act  as  substrates.  NAD §  but  not 
NADP §  functioned as a cofactor for the enzyme. The ap- 
parent  Km values for phenylpyruvate, ammonia,  L-phenyl- 
alanine and NAD §  estimated from double reciprocal plots 
of  substrate  saturation  data,  were  0.06,  96,  0.75  and 
0.23 mM, respectively. 
Although cells grown in batch culture with D-phenylala- 
nine possessed the highest specific activities of phenylalanine 
dehydrogenase,  this  compound did not function as  a  sub- 
strate for the purified enzyme (see above). In fact, the pres- 
ence of  the D-isomer even inhibited the activity of the enzyme 
with  L-phenylalanine  or phenylpyruvate.  The  apparent  K, 
values for D-phenylalanine in the oxidative deaminating and 
reductive  aminating  reactions  were  determined  as  3.5  and 
25 mM,  respectively.  This  raised  the  question  of how  the 
metabolism of  D-phenylalanine proceeds in Nocardia sp. 239. 
We subsequently observed that the phenylalanine dehydro- 
genases present in D- or L-phenylalanine-grown cells eluted 
at  the  same  ionic  strength  from the  Mono  Q  column.  In 
further  studies  it  became clear  that  the  organism employs 
identical  enzymes (with respect  to molecular weights,  sub- 
strate specificities, kinetics) during growth on either isomer 
of phenylalanine.  Transfer  of L-phenylalanine-grown  cells 
into medium with D-phenylalanine nevertheless  resulted  in 
a  lag  phase  of several  hours  before  growth  resumed.  D- 
Phenylalanine-grown cells  on the  other hand  were able  to 
grow  almost  immediately  with  L-phenylalanine.  We  sub- 
sequently were able to detect a racemase in D-phenylalamne- 
grown cells with activity towards this amino acid. No phenyl- 
alanine  racemase  activity was detectable  following growth 
on glucose,  c-phenylalanine,  D-  or L-alanine  and  D-  or  C- 
tyrosine. 16 
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Fig. 5. Mono Q FPLC elution profile of  cell-free extract of Nocardia 
sp. 239 grown on L-phenylalanine-mineral medium. ---,  absorb- 
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Table 1.  Relative  activity  of partially  purified  phenylalanine  de- 
hydrogenase from Nocardia sp. 239 with various substrates 
Substrate  Relative activity 
(%) 
Phenylpyruvate  100 
4-Hydroxyphenylpyruvate  28 
Indole-3-pyruvate  54 
Imidazolepyruvate  0 
a-Ketoisocaproate  240 
Stability of  phenylalanine dehydrogenase 
Purified enzyme preparations, stored at 0 ~  C in I  M sorbitol, 
remained fully active for at least 6 weeks. The purified en- 
zyme  lost  activity  rapidly,  however,  when  incubated  in 
100 mM Tris - HC1 buffer at the optimum temperature for 
activity (53~  This was  especially the  case at  lower pH 
values (at pH 6.0:  50% loss in 5 rain); highest stability was 
observed at  pH 9.5-10  (50%  loss in  2 h).  The  effects of 
various  compounds  on  the  stability  of phenylalanine  de- 
hydrogenase stability was subsequently tested at pH 10 and 
53~  No  effect  was  observed  with  reducing  agents 
(dithiothreitol,  fi-mercaptoethanol),  EDTA,  bovine  serum 
albumin  and  tyrosine  or  phenylalanine.  Phenylpyruvate 
(5 mM)  further  destabilized  the  enzyme  (50%  loss  in 
45 rain), whereas sorbitol and glycerol (at concentrations of 
1 M) clearly stabilized the enzyme both in the absence (50% 
loss  in  9 h)  and  presence  of phenylpyruvate (50%  loss in 
4 h). 
Discussion 
The phenylalanine  dehydrogenase present in Nocardia sp. 
239 is unusual in a number of properties. The enzyme is the 
first example of a  monomeric e-phenylalanine  dehydroge- 
nase. Only dimeric (R. maris;  Misono et al. 1989) and octa- 
meric (S. ureae, B. sphaericus, B. badius; Asano et al. 1987a, 
b) phenylalanine dehydrogenases have been described so far. 
These enzymes generally display broad substrate specificit- 
ies. This was also observed with the partially purified enzyme 
from Nocardia sp. 239, but only with respect to the reductive 
amination of c~-keto acids (Table 1).  The Nocardia sp.  239 
enzyme is unusual in that it showed an exceptionally high 
activity with c~-ketoisocaproate. No  activity was  observed 
with  L-tyrosine, L-tryptophan,  L-leucine  and  D-phenylala- 
nine.  The  latter  compound  even  inhibited  both  the 
deaminating and  aminating reactions catalyzed by the en- 
zyme. As shown previously (de Boer et al. 1988),  L-tyrosine 
catabolism  in  Nocardia  sp.  239  is  initiated  by  L-tyrosine 
aminotransferase. The other two L-amino acids do not func- 
tion  as  growth  substrates  for  the  organism.  The  results 
further suggest that growth of Nocardia sp. 239 on D-phenyl- 
alanine  involves  a  D-phenylalanine  inducible  amino  acid 
racemase, which converts D-phenylalanine into L-phenylala- 
nine.  The  only other  known  example of a  racemase with 
activity towards phenylalanine has been described recently in 
a  D-phenylalanine metabolizing Pseudomonas  putida strain 
(Asano and Endo 1988). 
Synthesis of the Nocardia sp. 239 phenylalanine dehydro- 
genase  is  subject  to  strong  regulation.  Activity was  only 
detected following growth in L- or D-phenylalanine mineral 
media.  L-Histidine, which is  an inducer for the  enzyme in 17 
Brevibacterium sp. and Rhodococcus sp. M4 (Hummel et al. 
1984,  1987),  did not act similarly in Nocardia sp.  239.  The 
levels of the Nocardia sp. 239 enzyme increased with increas- 
ing  dilution  rate  in  phenylalanine-limited continuous  cul- 
tures, indicating that the rate of its synthesis is additionally 
controlled in a  growth rate dependent manner.  In general, 
the specific and total activities of phenylalanine dehydroge- 
nases in other organisms is enhanced  considerably by em- 
ploying enriched growth media. The presence of additional 
rich carbon- or nitrogen sources in Nocardia sp. 239 me&a, 
however,  invariably resulted in  decreased levels of the  en- 
zyme. The regulation of phenylalanlne dehydrogenase syn- 
thesis was  studied in more detail by growing the organism 
on  mixtures  of L-phenylalanine plus methanol,  which is a 
nonrepressing substrate  (Figs. 2-4).  Growth  on  this mix- 
ture in batch cultures always resulted in simultaneous utiliza- 
tion of both substrates. With phenylalanine-pregrown cells 
the  activity of phenylalanine dehydrogenase started to  de- 
crease after the  exhaustion  of the  amino  acid.  Rapid syn- 
thesis  of the  RuMP  cycle specific enzymes  HPS  and  HPI 
only occurred in the ensuing lag phase, allowing assimilation 
of formaldehyde and a second phase of growth on methanol 
as  the  sole  source  of carbon  and  energy.  The  decrease in 
methanol concentration observed in the first growth phase 
therefore has to be attributed to  oxidation of methanol  to 
carbon dioxide. In the reverse experiment, with methanol- 
pregrown cells, the activity of phenylalanine dehydrogenase 
steadily increased in the exponential phase of growth. These 
results, taken together, thus show that methanol utilization 
does not repress synthesis of the enzyme. During growth of 
Nocardia sp. 239  on L-phenylalanine plus methanol in car- 
bon- and/or energy-limited chemostats, synthesis of phenyl- 
alanine dehydrogenase could not be detected at phenylala- 
nine concentrations in the feed below 2 mM.  The observed 
conversion of phenylalanine into phenylpyruvate most likely 
occurred  via  the  biosynthetic  enzyme  L-phenylalanine 
aminotransferase (Fig. 4; de Boer et al. 1988). With increas- 
ing L-phenylalanine concentrations in the feed the  specific 
activity of phenylalanine  dehydrogenase  increased  to  the 
level observed  at  this  dilution  rate  during  growth  on  the 
same phenylalanine concentration alone. 
The  phenylalanine  dehydrogenase  specific activities in 
Nocardia sp. 239 are relatively low and further optimization 
of enzyme production will be required. The results neverthe- 
less suggest that conversion ofphenylpyruvate into L-phenyl- 
alanine with methanol as a  source of reducing power might 
best be attempted with cells pregrown in batch- or continu- 
ous  cultures on methanol in the presence of relatively low 
phenylalanine concentrations.  Conceivably, the  most  suit- 
able strain for such a  biotransformation will be the phenyl- 
pyruvate decarboxylase-negative mutant Noc 90, described 
by de Boer et al. (1988). Synthesis of phenylalanine dehydro- 
genase in this mutant is still induced during growth on meth- 
anol in the presence  of L-phenylalanine (data not shown). 
An  alternative  approach  also  would  be  the  isolation of a 
constitutive phenylalanine dehydrogenase mutant strain, but 
this has not been attempted in the present study. 
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